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The dissolution behavior of M,3;C¢ carbide in 4Cr13 martensitic stainless steel during austenitizing and its
effect on the microstructure and mechanical properties of this steel are investigated in this study. The
samples of steel are heated at different austenitizing temperatures from 1000 to 1150 °C for 10-60 min. The
results reveal that as the austenitizing temperature and time increase, the average initial austenite grain size
increases, the carbide volume fraction decreases, and the average carbide size increases. The rapid dis-
solution of small carbides mainly contributes to the change in the average carbide size. The carbides can be
completely dissolved in the matrix at 1150 °C for 30 min. After quenching, the hardness first increases and
then decreases with increasing carbide dissolution degree. An increase in the hardness is related to an
increase in the carbon content of the quenched martensite, and a decrease in the hardness is associated with
an increase in the volume fraction of the retained austenite. Furthermore, a mathematical model is
established to predict the volume fraction of carbides, which is in agreement with the experimental results.
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1. Introduction

4Crl13 martensitic stainless steel (hereinafter referred to as
4Cr13) is frequently used in surgical instruments, razor blades,
bearings, and plastic molds due to its high hardness, wear resistance,
and corrosion resistance (Ref 1-4). The microstructure of 4Crl3
consists of martensite and carbides, and a precipitate phase of
carbides in stainless steel significantly influences the mechanical
properties and corrosion performance of the steel (Ref 5-8).

The size and content of carbides in stainless steel significantly
influence its properties. In high-wear applications such as cutting
tools and turbine blades, some carbides need to exist in the
martensite matrix to enhance wear resistance (Ref 9). In 440C high-
carbon martensitic stainless steel, high-fraction and small carbides at
an austenizing temperature of 950 °C provide a better strength-
ductility balance of the sample than those at 1160 °C (Ref 10). Fine
carbides can improve hardness and toughness by affecting the
volume fraction of retained austenite (Ref 11). In contrast, coarse
carbides eventually deteriorate the mechanical properties and
corrosion resistance of stainless steel (Ref 12, 13). The complete
dissolution condition in AISI 420 martensitic stainless steel is
1175 °C/15 min, and as the carbide volume fraction decreases, the
retained austenite content increases and the initial austenite grains
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coarsen (Ref 14). In 0.38C-13.6Cr martensitic stainless steel,
carbides completely dissolve in the matrix at 1130 °C/45 min, and
as the carbide content decreases, the distribution of Cr in the matrix
becomes increasingly uniform, and the corrosion resistance of the
steel increases (Ref 15, 16). According to different heating rate tests,
carbides in 0.45C-13Cr martensitic stainless steel are fully dissolved
within 60 s at temperatures between 1080 °Cand 1175 °C (Ref'17).
Therefore, it is necessary to consider the carbide dissolution
behavior during solution treatment. Generally, commercial 4Cr13 is
in an annealing state, the microstructure of which mainly consists of
ferrite and many carbides. To obtain a good combination of
mechanical properties and corrosion performance, commercial
4Cr13 usually needs to undergo solution treatment and quenching to
obtain martensite, carbide, and retained austenite.

Heating temperature and holding time are known to have a
significant influence on the volume fraction and size of carbides in
quenched stainless steel (Ref 14, 16). However, most previous studies
(Ref 14-17) on the solution treatment of 4Cr13 were focused on specific
conditions and lacked coherent quantitative analysis of the carbide
dissolution behavior. Furthermore, to the best of our knowledge, the
changes in carbide size have not been studied in detail. To optimize the
solution treatment of 4Cr13 and control the volume fraction of carbides,
the changes in carbides during the solution treatment of 4Cr13 and the
influences of the microstructural changes on the hardness were studied
in this paper. Finally, a mathematical model was established to predict
the volume fraction of carbides in 4Cr13 under different austenitizing
conditions. This study could provide a reference for the solution
treatment design of 4Cr13 in industry.

2. Materials and Methods

2.1 Materials and Processing

The as-received materials were commercial hot-rolled and
annealed 4Crl13 with a thickness of 22 mm. The chemical
composition of this material is shown in Table 1. Due to the
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possible segregation in 4Cr13 steel plates, the core area of steel
plates with good homogenization during austenitizing was
selected as the research area (Ref 16). Figure 1 shows the phase
equilibrium diagram of 4Crl3 martensitic stainless steel.
According to this diagram, the carbide content changed
significantly in the range of 1000-1150 °C, and some temper-
atures above 1000 °C were chosen to study the dissolution
behavior of carbides. The samples were heated at four different
austenitizing temperatures (1000 °C, 1050 °C, 1100 °C, and
1150 °C) and held at each temperature for three different times
(10 min, 30 min, and 60 min) before oil quenching.

2.2 Microscopy

The samples used for the experiment were subjected to
electrochemical polishing after mechanical polishing to remove
the surface strain layer. The electrolyte was a perchloric acid
solution (5 ml of HCIO4 + 95 ml of C,HsOH). Then, the
samples were etched in a saturated HCI-FeCl; solution. The
phase compositions of the samples were analyzed with a
Shimaduzu XRD-6000 diffractometer. The Cu target Ko
radiation source was used as the light source in the experiment.
The scanning speed was 2°/min, the scanning voltage and the
scanning current were 35 kV and 200 mA, respectively, and the
diffraction angle range of 260 was 40° ~ 100°. The microstruc-
ture was observed by an optical microscope (Leica MEF4A)
and a JSM-7800F superresolution field emission scanning
electron microscope (SEM). An energy dispersive spectrometer
(EDS) equipped with an SEM was used to examine the
elemental composition. Medibang Paint software was used to
process the micrographs obtained by the SEM. For each
condition, five photos were selected, and the regions repre-
sented by carbide particles were filled with other colors with
high contrast. Then, Image-Pro Plus software was used to
measure the content and size of the undissolved carbide.

2.3 Mechanical Properties

A 402SXV Vickers microhardness tester was used to test the
hardness of the samples. The microhardness tester probe was a
pyramidal diamond probe, the load was set to 500 g, and the
loading time was 20 s. At least 10 experimental data points
were detected for each sample, and the average value was
calculated as the hardness.

3. Results and Discussion

3.1 X-ray Diffraction Pattern Analysis

Figure 2(a) shows the XRD patterns of the different
samples. The o (110), o (200), and o (211) peaks, which
represent the BCC structure, appear in all the samples. The
BCC peak in the initial samples represents ferrite, and that in

Table 1 Chemical composition of the experimental steel
(wt.%)

C Cr Mn Ni Si Co v Fe

0.4 12.02 062 05 071 026 024 Bal

the quenched sample represents martensite (the hardness of the
initial sample is 233 HV0.5, while the hardness of the quenched
sample is above 560 HVO0.5). The y phase appears at
temperatures above 1050 °C. The carbon content in austenite
significantly increases with increasing temperature, which
improves the stability of austenite; thus, austenite cannot
transform to martensite completely during quenching.

Figure 2(b) shows a locally magnified view of Fig. 2(a) in
the range of 46-53°. The peaks representing M,3C¢ carbide
appear in the initial sample and in samples heated at 1000 °C
for 30 min. The peaks are attributed to the (440), (531), and
(600) planes of M,3C¢ from left to right (Ref 16). When the
austenitizing temperature exceeds 1050 °C, the peak of M,;Cq
disappears, indicating that the carbide content decreases to a
very low level.

3.2 Microstructure

Figure 3(a) shows the microstructure of the sample after
austenitizing at 1000 °C for 30 min, which consists of white
spherical particles and a black—gray matrix. Figure 3(b) shows
the elemental distribution obtained via line-scanning analysis
with an EDS. According to the characteristics of M,3Cg, the Fe-
poor and Cr-rich regions (the region with white spherical
particles) correspond to the location of the M,3;Cq4 carbide
particles, and the black—gray region corresponds to the
martensite matrix. In Fig. 3(a), some microregions (marked as
A, B, C, D, E, and F) are selected for further compositional
analysis. The analysis results are shown in Table 2. The Fe and
Cr content ratios in A, B, C, and D suggest that the type of
carbide in the microstructure is M,3C¢ (Ref 18). The content of
Cr in the M3Cq4 carbide (33-54%) is significantly greater than
that in the matrix (approximately 13%). Furthermore, the Cr
content in the carbide center increases with increasing carbide
size. In addition, the content of Si in the matrix is significantly
greater than that in M,3C4, which indicates that Si is not a
carbide-forming element.

Figure 4 shows the microstructures of the initial sample and
the samples after quenching at different austenitizing temper-
atures for 30 min. Figure 5 shows the microstructures of the
samples after quenching at 1050 °C for different durations. The
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Fig. 1 Phase equilibrium diagram of 4Crl3 martensitic stainless
steel
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Fig. 3 (a) SEM image of the 1000 °C/30 min sample and (b) EDS image along the line shown in (a) across the carbides

Table 2 EDS component analysis of the sample
(corresponding to selected points in Fig. 2(a))

Chemical composition, in wt.%
Points Fe Cr Mn Si \%
A 37.07 54.25 0.36 1.39
B 50.93 39.72 0.90 1.13
C 4891 39.93 0.50 0.92 1.25
D 55.57 33.54 0.33 1.20 1.13
E (Matrix) 79.97 12.34 0.79 1.79 0.44
F (Matrix) 80.58 13.20 0.99 1.76

initial sample is composed of ferrite and carbides. A martensite
matrix and undissolved carbides can be observed in the samples
after quenching. The carbides in the initial sample are mostly
round and rectangular, most of the carbides are less than 1 yum
in size, and the edges of the carbides are relatively smooth. In
contrast, the carbides in the quenched sample gradually became
round as the carbide volume fraction decreases. With increasing

Journal of Materials Engineering and Performance

austenitizing temperature and holding time, the volume fraction
of carbides decreases gradually. When the temperature reaches
1150 °C, the carbides completely dissolve in the matrix.
However, the average carbide size increases gradually with
increasing solubility. The number of small particles decreases,
while the number of large particles increases, as shown in
Fig. 4(f) and 5(f). In particular, the undissolved carbide
particles are almost all large (0.5 ~ 1 um) at 1100 °C and
finally dissolve in the matrix at 1150 °C.

This phenomenon may be related to small particles being
more soluble than large particles. The total interfacial energy of
small carbides is high, and a short diffusion distance is required
for Cr (Ref 19-21). When carbides are dissolved, Cr diffuses into
the matrix; thus, the ratio of Cr/Fe in carbides can be used as the
basis for determining the degree of dissolution of carbides (Ref
22). According to the contents of Cr and Fe in the carbides of
different sizes under the same conditions in Table 2, the content of
Cr in the small carbides is lower than that in the large carbides.

Figure 6 shows the OM images of the quenched samples
after austenitizing at different temperatures. The microstructure



1100-30min

10 - “ d=0.6791pm
g s Wil
3‘_: 20 1 ‘ L[ 1Ly Py a
E i [~ 11050-30min
= S|
aal I Al oW Oin o
5 B [ |1000-30min
s 15 »
Sl o™ —
& M d=0.5505pm
- 5h
@
E :: L A= ‘ I [i]As—reccived
o M/T @-0.4808pm
0 | ‘ Ol ati® g .0 alaa.

0.0 0.2 04 0.6 0.8 1.0 12 14
carbide diameter(jpm)

Fig. 4 SEM images of the (a) as-received sample, (b) 1000 °C/30 min sample, (c) 1050 °C/30 min sample, (d) 1100 °C/30 min sample, (e)
1150 °C/30 min sample. (f) Statistical diagram of the carbide size in the samples held at different austenitizing temperatures for 30 min

of quenched 4Crl3 includes a martensite matrix and different
amounts of carbides. The average grain size of the prior
austenite is directly measured with the initial austenite grain
boundaries. The average grain sizes of the initial austenite in
the samples heated at 1000 °C, 1050 °C, 1100 °C and 1150 °C
for 30 min are approximately 10 um, 60 um, 100 pum, and
200 pm, respectively. The prior austenite grain size increases
with increasing temperature. In addition, the carbide content
decreases at relatively high temperatures, which leads to a
weakening of the carbide pinning effect, and the initial
austenite grains further coarsen.

3.3 Hardness

Figure 7 shows the hardness results of the samples under
different austenitizing temperatures and times. The hardnesses
of the samples range from 562 to 650 HVO0.5, and a peak
hardness of 650 HV0.5 is observed at 1100 °C for 30 min. As
the degree of carbide dissolution increases, the hardness first
increases and then decreases. At the beginning of dissolution,
the carbon in the carbides gradually dissolves into the matrix,
resulting in an increase in hardness. With a further increase in
the carbon content in the matrix during dissolution, the stability
of austenite improves, and the amount of retained austenite
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Fig. 5 SEM images of the (a) 1050 °C/10 min sample, (b) 1050 °C/30 min sample, (c) 1050 °C/60 min sample. (d) Statistical diagram of the

carbide size in the samples held at 1050 °C for different austenitizing times

correspondingly increases after quenching. Simultaneously, the
prior austenite grains are further coarsened due to the
weakening of the carbide pinning effect. The above two sides
decrease the hardness.

3.4 Carbide Dissolution Model

To quantitatively describe the changes in carbides in 4Crl3
with austenitizing temperature and time during the process, a
model is designed to predict the volume fraction of carbides in
the process of austenitizing.

According to the dissolution model of chromium carbide in
an Fe-C-Cr system alloy proposed by Sozykina (Ref 23), the
change in the volume fraction of carbides with austenitizing
temperature and time can be given by the Avrami-type equation

(Eq 1):

o =TS (= r) 5
(rm*” 0
e - TR

cexp | —(

(Eq 1)

where f, represents the volume fraction of carbides at
temperature T after time t, /7' represents the volume fraction
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of carbides at the initial state, /¢/ represents the volume fraction
of carbides at the equilibrium state, and Q represents the
activation energy required for carbide dissolution, and its value
is related to the composition of the carbide, namely, the atomic
fraction y, of Cr in the carbide lattice, which is given by Eq 2
(Ref 23):

0- {258.0 —116.5y¢, (yer < 0.5732)

>~ —1
115.0 + 133.0vc, (vo,> 0.5732) (kJmol ™)

(Eq 2)

The former term of the index is dependent on the volume
fraction of carbides, which is given by Eq 3 (Ref 23):
Inf, = 17.406 — 9.653/* (min") (Eq 3)

According to Lee’s thermodynamic study on the Fe-C-Cr
ternary alloy system (Ref 24), we take y,=0.5 as the atomic
fraction of Cr in the carbide of 4Crl13 used in this study to
obtain Q =200 kJmol', where /™ is the content of carbide
measured at the initial state of 4Cr13 in this study, while /7 at
different temperatures is obtained by thermodynamic calcula-
tion software (JMat Pro). Figure 8 shows the carbide mass
fraction calculated at different austenitizing temperatures when
the equilibrium state is reached. In practice, the initial carbide
fraction in 4Crl13 is generally greater than the calculated initial
carbide fraction in the equilibrium state (denoted as f° Z’l); thus,
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the /%7 value required by the model calculation at different
austenitizing temperatures needs to be converted to the
calculated value (denoted as /1) in equal proportion, as shown
in Eq 4:

Fraction of carbide (%)

700 800 900 1000 1100 1200

Temperature (°C)

Fig. 8 Fraction of carbides in the equilibrium state at different
austenitizing temperatures calculated by JMat Pro

s
fT; = (Eq 4)

cl
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Fig. 9 The volume fraction of carbides in 4Crl3 after solution
treatment under different austenitizing conditions: experimental data
and model predictions

Substituting the above parameters into Eq 1, Figure 9 shows
the calculated variations in the volume fraction of carbides in
4Cr13 under different austenitizing temperatures and times. The
experimental data obtained in this study are represented by
symbols of different shapes. The time needed to reach
dissolution equilibrium gradually decreases with increasing
temperature, from approximately 700 min at 950 °C to approx-
imately 30 min at 1150 °C. The volume fraction of carbides in
the equilibrium state decreases with increasing temperature, and
carbides can be fully dissolved in the matrix at 1125 °C. The
experimental data in this study agree with the predicted results
of the model very well. Therefore, this model makes it easy and
reliable to predict carbide dissolution behavior in 4Crl3 at
different austenitizing temperatures and times.

4. Conclusions

The carbide dissolution behavior in 4Crl3 martensitic
stainless steel was studied at austenitizing temperatures ranging
from 1000 to 1150 °C and times ranging from 10 to 60 min.
The main results were as follows:

1. With increasing austenitizing temperature and time, the
average initial austenite grain size increases, and the car-
bide volume fraction decreases; however, the average size
of the undissolved carbides increases. This phenomenon
is related to the rapid dissolution of small carbides.
M,3Cq carbides are fully dissolved in steel and do not
precipitate during quenching at 1150 °C for 30 min.

2. After quenching, the hardness of 4Crl3 first increases
and then decreases with increasing carbide dissolution
degree and reaches 650 HV0.5 at 1100 °C for 30 min.
The increase in hardness is related to the increase in car-
bon content in the quenched martensite, and the decrease
in hardness is associated with the increase in the volume
fraction of the retained austenite.

3. A dissolution model of carbides in 4Crl3 is established.
The experimental data agree well with the predicted re-
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sults of the model, which can accurately predict the vol-
ume fraction of undissolved carbides in 4Crl3 easily
during austenitization.
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